The mosses (Bryophyta) constitute a signifi cant portion of plant diversity (~13 000 extant species, Shaw, 2009 ) . They are the direct descendents of the earliest divisions in land-plant phylogeny and are functionally important in many terrestrial ecosystems (e.g., Rydin, 2009 ). The precise placement of mosses in plant phylogeny -i.e., their position relative to the two other bryophyte clades (liverworts and hornworts) and to the vascular plants -has been controversial (reviewed in Qiu et al., 2008) . In addition, despite substantial progress in understanding the overall pattern of moss phylogeny, considerable room for improvement clearly remains ( Goffi net et al., 2009 ). Thus, new tools for inferring phylogenetic relationships in mosses and other bryophytes would be valuable in resolving their higher-order relationships with more confi dence; this in turn would facilitate more precise reconstructions of their evolution and would improve the stability and functionality of current classifi cation schemes.
Relationships among the multiple ancient and species-poor moss lineages that lack peristomes on their sporangia will be particularly critical to resolve because they defi ne the deepest splits in moss phylogeny. For example, many molecular analyses have recovered a clade comprising the non-peristomate moss genera Sphagnum and Takakia , with this clade then the sister group of all other mosses (e.g., Newton et al., 2000 ; Cox et al., 2004 ; Qiu et al., 2006 Qiu et al., , 2007 Shaw et al., 2010a , b ) . However, no morphological characters support this result ( Newton et al., 2000 ; Frey and Stech, 2009 ) , and there has been speculation that it represents a long-branch artifact ( Shaw and Renzaglia, 2004 ) . Subsequent splits in early moss phylogeny involve three distinctive nonperistomate genera: Andreaea , Andreaeobryum , and Oedipodium (see Shaw and Renzaglia, 2004 ) . Oedipodium may be the sister group of peristomate mosses (e.g., Cox et al., 2004 ) , but the precise relationships of this clade to Andreaea and Andreaeobryum and of the latter genera to each other are not clear (reviewed in Shaw and Renzaglia, 2004 ) . Finally, major uncertainties in the backbone of moss phylogeny are by no means limited to the non-peristomate taxa. Within the peristomate clade, the precise relationships among the two nematodontous clades (Polytrichopsida and Tetraphidopsida) and the arthrodontous clade (Bryopsida), for example, also have not been resolved satisfactorily, as noted by Goffi net et al. (2009) .
Loci from the nuclear and mitochondrial genomes have contributed to our understanding of plant phylogeny, but plastid
• Premise of the study : Investigating the early diversifi cation of major clades requires well-corroborated and accurate phylogenetic inferences. We examined the performance of a large set of plastid genes for inferring the broad phylogenetic backbone of mosses -the second largest major clade of land plants -and their nearest relatives.
• Methods : We surveyed 14 -17 plastid genes from a broadly representative taxonomic sampling of the major bryophyte lineages, including all major lines of non-peristomate mosses. We examined how well these new data corroborated or contradicted the fi ndings of other studies, and investigated the effect of removing rapidly evolving characters.
• Key results : We inferred major clades with at least as strong support as other studies that used more taxa. We corroborated current views of overall embryophyte relationships, i.e., (liverworts, (mosses, (hornworts, tracheophytes))), with strong maximum likelihood (ML) bootstrap support, and also placed Zygnematales as the sister group of embryophytes with moderate ML bootstrap support. Within mosses, we confi rmed Oedipodiaceae as the sister group of the large clade of peristomate taxa. Likelihood analysis also fi rmly placed Takakiaceae as the sister group of all other mosses, a strong confl ict with parsimony results. Parsimony converged on the Takakia -sister result when rapidly evolving characters were removed, depending on the tree used to classify the site rates.
• Conclusions : Our fi ndings broadly support the utility of a 14-gene set from the plastome for future, more densely sampled phylogenetic studies of mosses and relatives, potentially complementing anticipated whole-plastome studies. Likelihood and parsimony confl icts fl ag possible instances of long-branch attraction, including one involving the earliest split in moss phylogeny.
relationships that are both well supported and broadly congruent with the results of other studies, at least using maximum likelihood. Finally, we investigate whether identifying and removing the most rapidly evolving sites may help to ameliorate possible instances of mis-inference using parsimony. We restrict our inferences here to maximum likelihood (ML) and parsimony (MP) analysis because Bayesian inference can yield infl ated or skewed branch support values in situations where ML or MP inference may be more conservative, such as in the reconstruction of ancient phylogenetic splits (e.g., Suzuki et al., 2002 ; Cummings et al., 2003 ; Simmons et al., 2004 ; Kolaczkowski and Thornton, 2007 ; Susko, 2008 ) 
MATERIALS AND METHODS
Taxonomic sampling strategy -We generated new data from 19 bryophyte taxa (fi ve liverworts, two hornworts, 12 mosses) for phylogenetic analysis in combination with previously published sequences from one liverwort, one hornwort, two mosses, 15 vascular plants, and fi ve charophycean algae (Appendix 1). Carefully focused exemplar-based sampling allows the broad outline of phylogenetic relationships to be inferred, even where the species surveyed represent a small fraction of species numbers, as is the case in all current studies that survey the broad backbone of bryophyte phylogeny ( Table 1 ) . We carefully chose exemplar species that split the broad backbone of bryophyte phylogeny at major internal nodes of interest. In general, our relatively sparse sampling permits exact comparisons with other studies that may have different sampling densities in descendant clades. For example, we sampled all non-peristomate moss lineages by including at least one exemplar species from the major genera, and we included multiple representative species that straddle the root nodes of major clades (such as liverworts, hornworts, and peristomate mosses), so far as these are known.
Sequence recovery and alignment -With a few minor exceptions, we recovered data from 14 plastid genes and associated noncoding regions from all (chloroplast) genes have generally played a more central role to date. There are several reasons for this ( Olmstead and Palmer, 1994 ) . For example, the coding portions of plastid genes are generally highly conserved, and because plastid genes are single copy or effectively so (the two copies of genes present in the plastid inverted repeat region are identical), the orthology of plastid genes from distantly or closely related taxa is uncontroversial, an advantage over most nuclear genes ( Kellogg and Bennetzen, 2004 ) . Also, the plastid genome does not suffer from lateral gene transfer, nor from the considerable rate heterogeneity sometimes observed in mitochondrial genes (e.g., Palmer et al., 2000 ; Bergthorsson et al., 2004 ) . In addition, designing primers to retrieve orthologous plastid genes from distantly related taxa is relatively straightforward, due to the generally highly conserved gene content and gene order of plastid genomes (e.g., Graham and Olmstead, 2000a ) . Studies of higher-order moss phylogeny have focused on relatively few plastid genome regions (e.g., Table 1 ; see also Stech and Quandt, 2010 , for a recent review). We therefore developed a series of new primers to amplify and sequence 17 plastid conserved genes and associated regions ( Chang and Graham, in press ) , which have been used successfully in the inference of higher-order relationships at multiple levels of angiosperm, seed-plant, and vascular-plant phylogeny ( Graham and Olmstead, 2000a ; Rai et al., 2003 Rai et al., , 2008 Graham et al., 2006 ; Saarela et al., 2007 ; Zgurski et al., 2008 ; Rai and Graham, 2010 ) .
We focus here on using these plastid regions to infer the earliest splits in moss phylogeny and the position of mosses in embryophyte phylogeny by using an exemplar-based approach that samples representatives of the major groups of mosses, liverworts, and hornworts, including all lineages of non-peristomate mosses. We demonstrate that this sampling approach recovers Note : ML = maximum likelihood; MP = parsimony; BI = Bayesian inference; NJ = neighbor joining; nu = nuclear; pt = plastid; mt = mitochondrial. a Aligned length for the taxon subset considered in the current study, including offsets (staggered regions typically limited to unalignable portions for single taxon). The corresponding unaligned length ranges from ~8 to 13 kb per taxon in bryophytes, depending in part on whether we attempted to retrieve 14 or 17 genes (see Appendix for list of genes retrieved by taxon). Noncoding regions were excluded for algae and vascular plants.
17-gene comparisons were included to examine whether the absence of the three-gene region that was diffi cult to obtain in some taxa (the 3 ′ -rps 12-rps 7 -ndh B region) had a substantial effect on bootstrap support; comparisons with and without noncoding regions were performed to assess the effect of including these regions. For MP analysis, we considered only the case with all 17 genes combined, including noncoding regions. For this combination, 6280 aligned sites were potentially parsimony informative, and 1856 sites were variable but parsimony uninformative (for comparison, the 14-gene combination including noncoding data yielded 4708 aligned sites that were potentially parsimony informative and 1093 sites were variable but parsimony uninformative).
Effect of rapidly evolving sites on MP inference -We observed several moderate to strong confl icts between the ML and MP analyses of the concatenated data (see Results). We therefore investigated the effects of very rapidly evolving sites on MP-based inference by using HyPhy ( Pond et al., 2005 ) to classify nucleotide sites (for the full 17-gene version, with coding and noncoding regions) into nine discrete ML rate classes, which we then set up as character sets. We repeated the site-rate assignments using the best ML and MP trees in turn, to assess whether the tree considered for these rate classifi cations affected subsequent phylogenetic inference ( Graham and Iles, 2009 ). The rate classes (RC) ranged from RC0 to RC8 (i.e., slowest to fastest; Burleigh and Mathews, 2004 ) . We ran MP analysis on three pooled subsets of rate classes: RC0 -RC5, RC0 -RC6, and RC78 (i.e., two slow subsets and one fast subset of the data).
RESULTS

Phylogenetic inference -Maximum likelihood analysis -
We have reported on results for vascular plants elsewhere, so we focused here on phylogenetic results for bryophytes and algal outgroups. The best ML trees inferred from the various concatenated 14-and 17-gene matrices were identical to the topology shown in Fig. 1 . Not surprisingly, the trees inferred from these combined analyses were better supported than they were in the analyses of individual data subpartitions ( Table 2 ) , which were nonetheless almost entirely congruent with each other (two exceptions are noted in the Materials and Methods). Maximum likelihood bootstrap support for most clades from the concatenated 14-and 17-gene data sets was generally highly comparable across analyses ( Table 2 ) , and almost all multifamily clades that involved bryophytes received 80 -100% ML bootstrap support from all four ML analyses (i.e., clades b -k, l, n -p, q, s, t, v, w; Fig. 1 , Table 2 ); these clades represented almost all the early backbone of bryophyte phylogeny. A clade supporting Zygnema (representing Zygnematales) as the sister group of land plants (clade a, Fig. 1 ) was moderately well supported by ML analyses on the basis of the 17-gene data sets, with or without noncoding regions ( Table 2 ). Only one clade was weakly supported in all ML analyses (clade u, representing a branch within Bryidae). Inclusion vs. exclusion of the hardto-retrieve 3 ′ rps 12-rps 7-ndh B region seemed to have little effect at this taxon sampling. A minor exception is clade r, which was slightly weaker when this region was excluded. Excluding the noncoding regions also had a relatively minor effect, with only two clades differing noticeably. One of these, clade m (Andreaeaceae-Andreaeobryaceae), was 16 -21% less well supported with the noncoding regions included; the other, clade r (corresponding to the most recent common ancestor of Dicranidae and Bryidae), was 30 -34% better supported with the noncoding regions included.
Parsimony analysis -Most bryophyte clades were identical in shortest trees inferred by the MP and ML analyses ( Fig. 2 ) , with three major exceptions. For MP, the fi rst split in moss phylogeny was defi ned by a clade comprising Sphagnum and Takakia . This arrangement strongly contradicted the ML results taxa (Appendix). For most taxa we also generated sequence data for a region comprising three additional plastid genes (3 ′ rps 12, rps 7, and ndh B) that proved signifi cantly harder to retrieve ( Chang and Graham, in press ). This region was either not recovered or not attempted for a subset of taxa (i.e., Buxbaumia aphylla , Bryum capillare , Treubia lacunose, Haplomitrium hookeri, Metzgeria conjugata, Pleurozia purpurea, Leiosporoceros dussii, and Phaeoceros carolinianus ). Methods for DNA extraction, amplifi cation, sequencing, and basecalling followed Graham and Olmstead (2000a) and Chang and Graham (in press ) . The targeted markers were amplifi ed and sequenced as eight distinct regions (four multigene clusters, psb D -psb C, psb E -psb F -psb L -psb J, psb Bpsb T -psb N -psb H, and 3 ′ -rps 12-rps 7-ndh B, and four single-gene regions, ndh F, rpl 2, rbc L, and atp B, respectively) with the use of primers and protocols described in Graham and Olmstead (2000a) , Rai and Graham (2010) , and Chang and Graham (2011) . We recovered sequences from replicate amplifi cation products generated from independent DNA extracts to detect pipetting errors or cross contamination. We detected none, though we observed several clear instances of polymorphisms from extracts involving multiple individuals from the same species, including Andreaea rupestris (for psb D), Dicranum scoparium (for ndh B, ndh F, psb F, and rbc L), and Orthotrichum lyellii (for the ndh B, rps 7, and rps 12 introns and the rps 12-rps 7 spacer region). We recorded these withinpopulation polymorphisms using ambiguity codes in the consensus sequences. All regions were sequenced at least twice to generate mostly bidirectional contigs.
We used the published sequences of Physcomitrella patens ( Sugiura et al., 2003 ; Miyata and Sugita, 2004 ) to defi ne gene and exon boundaries, and we excluded noncoding regions from the vascular plants and algae to minimize alignment ambiguities. Sequences were aligned for each major region according to criteria set out in Graham et al. (2000) ; see also Kelchner (2000) and Simmons and Ochoterena (2000) . We offset hard-to-align noncoding regions that were frequently limited to single taxa in a staggered manner , though some of these regions included aligned blocks with multiple taxa, potentially providing phylogenetic information. The fi nal alignment for all regions was 25 064 base pairs (bp) in length (Appendix S1; see online at http://www.amjbot.org/cgi/content/full/ajb.0900384/DC1). This approach contributed signifi cantly to the length of the alignment ( Table 1 ) , which was derived from ~10 to 13 kb of unaligned data for the taxa from which we attempted to sequence all 17 gene regions, and from ~8 to 10 kb of unaligned data representing the 14-gene subset (i.e., excluding the 3 ′ -rps 12-rps 7-ndh B region).
Phylogenetic analyses -Maximum likelihood and parsimony analyses -We performed ML and MP analyses using Garli 1.0 ( Zwickl, 2006 ) and PAUP* 4.0 b10 ( Swofford, 2002 ) , respectively, on concatenated matrices or subsets of them representing individual data partitions. The MP analyses used default settings with tree-bisection-reconnection branch-swapping but with 100 random-addition replicates. We used the GTR + Γ + I model in ML analyses, with all model parameters estimated and two independent search replicates per analysis. We assessed branch support in ML and MP analyses using nonparametric bootstrapping ( Felsenstein, 1985 ) with 300 bootstrap replicates, using simple taxon addition for MP analysis. In the following discussion, we considered bootstrap support less than 70% as weak, between 70% and 90% as moderate, and higher than 90% as strong (e.g., Graham et al., 1998 ) . We also considered several alternative tree arrangements (see Results) by constraining the monophyly of clades of interest that were not seen in the optimal trees, searching for the best ML tree satisfying a given constraint, and evaluating the signifi cance of the difference in shortest unconstrained vs. constrained trees using the approximately unbiased (AU) test ( Shimodaira, 2002 ) as implemented in CONSEL ( Shimodaira and Hasegawa, 2001 ). All tree comparisons for a given data set were made simultaneously (see Goldman et al., 2000 ) and considered the full data set.
We ran individual ML analyses on eight subpartitions of the data comprising individual genes ( atp B, rbc L, ndh F, rpl 2) or local clusters of genes that included intergenic spacer regions ( psb
. In all but one instance ( ndh B in 3 ′ rps 12 -rps 7 -ndh B), the multigene clusters comprise cotranscribed genes with related function (i.e., photosystem II or ribosomal protein genes). Three genes include introns (one each in rpl 2, 3 ′ rps 12, and ndh B). We found two cases of possible strong confl ict among regions, considering ML bootstrap support values. These concerned the relative arrangement of Atrichum and Buxbaumia for the psb D-psb C region (listed as clades p vs. p2 in Table 2 ) and an arrangement of Chara and Zygnema relative to land plants for the psb E-psb F-psb L-psb J region (clades a and a2 in Table 2 ). These confl icts were not signifi cant according to the AU test ( P > 0.05), so we concatenated all plastid regions into a combined data set using four different permutations: all 17 genes combined (with or without associated noncoding regions for bryophytes) and 14 genes combined (with or without the associated noncoding regions for bryophytes). The 14-vs. --------98  ----q  100  100  100  100  100  91  93  100  83  58  100  61  100  r  53  87  65  95  100  ---55  90  -58  77  s  100  100  100  100  100  57  60  -95  94  75  85  100  t  100  100  100  100  100  --100  87  81  82  74  na  u  ---54  80  -60  --51  72  69  100  v  100  100  100  100  100  100  100  100  100  95  100  na  na  w  100  100  100  100  99  92  90  93  64  na  100  na  na Note : Clade labels correspond to branches (taxon bipartitions) in Figs. 1 and 2 , except branch p2 (which defi nes a clade comprising Atrichum and Buxbaumia ). All listed clades have at least 70% support from at least one analysis; bootstrap values < 50% are noted with a dash ( -). Some taxa have missing data for individual regions (see Results); the corresponding branch support is labeled as " na. " Abbreviations: psb DC = psb D-psb C; psb BTNH = psb B-psb Tpsb N-psb H; psb EFLJ = psb E-psb F-psb L-psb J; individual regions include coding and noncoding regions where relevant.
(i.e., clades k2 vs. k, respectively, in Table 2 ). In addition, the liverworts were not monophyletic on the best MP tree, though their lack of monophyly was not well supported by MP bootstrap analysis ( Fig. 2 ) . A moderately well -supported clade comprising Zygnema (Zygnematales) and Chara (Charales) contradicted the ML results (i.e., clades a2 and a, both had 72% bootstrap support; see Figs. 1, 2, Table 2 ). The MP results therefore weakly contradicted the ML analysis concerning the sister group of land plants because the clade comprising embryophytes, Chara , and Zygnema had only 64% MP bootstrap support ( Fig. 2 ) . Seven multifamily clades had substantially reduced bootstrap support from MP compared with their generally strong support in ML bootstrap analysis (i.e., clades e, i, l -p), and only one clade was substantially stronger (clade u, which was still only moderately supported by MP bootstrap analysis; Table 2 ).
Exploration of confl icts between ML and MP analyses -The
AU test rejected the MP arrangement for the deepest split in moss phylogeny ( Fig. 2 ) : when Sphagnum and Takakia were constrained as a clade, the resulting ML tree was signifi cantly longer than the best ML arrangement, in which Takakia was the sister group of all other mosses ( Table 3 ) . A third possible arrangement, with Sphagnum sister to all other mosses, was also rejected by the AU test ( Table 3 ). An ML tree resulting from a search in which Zygnema and Chara were constrained as a clade (as in the best MP tree, Fig. 2 ) was not signifi cantly longer than the moderately well -supported arrangement found in the unconstrained ML tree in Fig. 1 ( Table 3 ); note that several other possible outgroup arrangements assessed here could not be rejected.
The effect of rate fi ltering on MP inference of the fi rst split in moss phylogeny was sensitive to the tree used to make site-rate classifi cations. The MP analysis of rate-fi ltered data recovered the ML arrangement, with Takakia sister to mosses for RC0 -RC5, but only when the ML tree was used to generate rate classifi cations, and then with only moderate support ( Table 4 ) . In all other ratefi ltered MP analyses, the Sphagnum -Takakia clade was recovered with moderate to strong MP bootstrap support. The MP analysis recovered the ML arrangement for the sister group of land plants when the most rapidly evolving sites were removed from consideration, with weak to strong bootstrap support. This depended in part on the precise set of characters considered (see RC0 -RC5 and RC0 -RC6 results concerning Zygnema and Chara in Table 4 ). For the RC0 -RC5 results, this did not depend on whether the tree used for rate classifi cations was the ML or MP tree.
DISCUSSION
A well-supported backbone of bryophyte phylogeny -The ML relationships we recovered for the three major clades of bryophytes, with liverworts strongly supported as the sister group of other land plants, and hornworts as the sister group of Tables 2 and 5 and in the text. Rai and Graham, 2010 ) . A region comprising three of the 17 genes was diffi cult to retrieve for some bryophytes ( Chang and Graham, in press ). However, excluding these three genes (and associated noncoding regions) generally had minimal effect on phylogenetic inference: the topology recovered with ML was the same for various 14-and 17-gene combinations in ML analyses, and support values were generally comparable ( Table 2 ) . This suggests that the 14-gene combination will generally provide suffi cient information to infer major splits in bryophyte deep phylogeny with strong support. The gene set surveyed here is the largest attempted to date for this taxonomic breadth of bryophytes ( Table 1 ) , and our results indicate it should be useful in future studies of higher-order relationships in the major clades of liverworts, hornworts, and peristomate mosses.
Non-peristomate mosses and the earliest splits in moss phylogeny -Our ML analyses strongly support the monotypic Oedipodium as the sister group of peristomate mosses, congruent with the results of Cox et al. (2004) and consistent with the suggestions of Newton et al. (2000) and Goffi net et al. (2001) . Support for a sister-group relationship between Andreaea and the monotypic Andreaeobryum is consistently found in our ML analysis ( Table 2 ) and also in other studies that include both taxa (summarized in Cox et al., 2004 ; see also Table 5 ). This clade is moderately to strongly supported here in the 14-and 17-gene analyses that included coding regions only, but oddly, including noncoding regions reduced support by 16 -21%. Volkmar and Knoop (2010) recently recovered this relationship with strong support using combined evidence from fi ve plastid and mitochondrial genes. In the future, we will sample Andreaea more densely for the current wholly plastid-based sampling. Sampling more densely within the clade comprising Sphagnum and its generic segregates would also be useful and may help break up this branch substantially ( Shaw et al., 2010a , b ) .
The most striking result here is the fi nding in ML analysis that Takakia is the sister group of all other mosses, with the next split being between Sphagnum and the remainder ( Fig. 1 ) . The position of Takakia in bryophyte phylogeny is considered problematic, and indeed before a sporophyte generation was known, it was placed with liverworts on the basis of its simple gametophyte morphology (reviewed in Kenrick and Crane, 1997; Cox et al., 2004 ) . Published studies disagree on the position of Takakia , with some recovering the Takakia -sister arrangement ( Yatsentyuk, 2001 ; Forrest et al., 2006 ; Volkmar vascular plants ( Fig. 1 , Table 5 ), agree with the fi ndings of other recent studies (reviewed in Qiu, 2008 ) . These relationships have been controversial until relatively recently, but although multiple lines of evidence now support them, they have not always been well supported by bootstrap analysis (e.g., a maximum of 87% ML or MP bootstrap support among studies summarized in Table 5 , compared with 94 -100% here for ML; clades c and d in Table 2 ). Other major relationships reported here within liverworts, hornworts, and peristomate mosses also are consistent with recent studies that included broader samples of taxa for fewer genes, generally with at least as good ML bootstrap support here as reported elsewhere ( Table 5 ) .
Our exemplar-based taxon sampling typically permits us to make exact comparisons of the support for major clades to other recent studies (see Materials and Methods, and see footnote 2 in Table 5 ). Twenty of the 23 multifamily clades labeled in Fig. 1 have at least 90% ML bootstrap support (considering the 17-gene matrix that includes noncoding data in bryophytes; Tables  2 and 5 ). The plastid genes employed here also have been used successfully in inferring the deep phylogeny of various vascular plant groups (e.g., Graham and Olmstead, 2000a ; Graham et al., 2006 ; Saarela et al., 2007 ; Rai et al., 2008 ; Zgurski et al., 2008 ;  Note : * P < 0.05. Δ lnL = increase in -lnL compared with the best tree; ML = maximum likelihood. long-branch problems in MP analysis of bryophyte phylogeny (see also Graham and Iles, 2009 , who came to a similar conclusion for angiosperms). The strong confl ict reported here concerning the fi rst split in moss phylogeny underlines that this question warrants further careful study. However, the majority of the long terminal branches among non-peristomate mosses cannot be broken up by denser taxon sampling, as we sampled all known extant species for three of fi ve of these lineages (i.e., Andreaeobryum , Oedipodium , Takakia ).
Sister group of land plants -The closest algal relative to land plants also remains controversial. Charales, Coleochaetales, Zygnematales, or various combinations of these taxa are posited as the sister group of land plants ( Becker and Marin, 2009 ) . Recent studies based on DNA and protein-based analyses of whole-plastid genomes ( Turmel et al., 2006 ( Turmel et al., , 2007 recovered Zygnematales as the sister group of embryophytes, generally with strong ML support. In contrast, Finet et al. (2010) analyzed a large number of nuclear ribosomal protein genes and found strong ML support for Coleochaete (Coleochaetales) as the sister group of land plants, with Chaetosphaeridium , another member of Coleochaetales, nested in Zygnematales. However, an expanded nuclear gene analysis supports Zygnematales as the sister group of embryophytes ( Wodniok et al., 2011 ) . Although our sampling of outgroups to land plants is and Knoop, 2010 ): Forrest et al. obtained strong support for this placement using Bayesian inference (see Table 5 ); Volkmar and Knoop recovered this from analysis of mitochondrial but not plastid data. Other researchers have obtained a contrasting arrangement with Takakia sister to Sphagnum (e.g., Cox et al., 2004 ; Qiu et al., 2007 ) . We observed a strong confl ict between our ML and MP analyses, the former strongly preferring Takakia as the sister group of all other mosses, the latter placing it strongly with Sphagnum , with these two then weakly supported as the sister group of other mosses ( Fig. 2 ) . The contrasting placements of Takakia therefore may be indicative of a longbranch attraction problem; ML analyses are known to be less prone than MP to systematic error (e.g., Chang, 1996 ; Huelsenbeck, 1997 Huelsenbeck, , 1998 Sullivan and Swofford, 2001 ; Swofford et al., 2001 ) . However, the Takakia -Sphagnum arrangement also has been recovered with moderately strong support from ML bootstrap analysis in other published studies (e.g., Table 4 ).
We examined this question further by repeating the MP analysis after removing nucleotides that evolve rapidly according to an ML-based rate classifi cation, since these characters may be more prone to saturation effects (e.g., Felsenstein, 1983 ) . While we recovered a moderately well-supported Takakia -sister result using this data transformation, this result was sensitive to the reference tree used for rate classifi cations, which suggests that this method of rate fi ltering may not be suitable for ameliorating Tables 1 and 2 (e.g., 17 genes and noncoding regions for the current study). Labels in fi rst column correspond to branches in Figs relatively limited, we included representatives of all major clades here, and our ML analysis moderately supports the Zygnematales-sister hypothesis ( Fig. 1 ) ; note the moderate confl ict with our MP results (cf. Figures 1, 2 ) . When we fi ltered out rapidly evolving sites (as determined using either the best ML or MP tree) to leave the slowest sites (i.e., RC0-5), MP then recovered the arrangement with Zygnematales as the sister group of land plants with moderate to strong bootstrap support (96% and 79% respectively, depending on whether the best ML or MP tree was used for site rate assignment; Table 4 ). However, the AU test could not reject three of four alternative hypotheses for the sister group of land plants here using the full data set ( Table 3 ; only Charales as sister is rejected at P < 0.05). A Zygnematales-sister arrangement has been criticized as a long-branch artifact by Qiu (2008) . This may be true, and the existence of long-branch artifacts may be supported by the moderate ML vs. MP confl ict observed here (clades a vs. a2 in Table 5 ). An expanded taxon sampling would certainly be useful in all current phylogenetic studies that examine the transition from charophytes to bryophytes.
Conclusions and future work -Phylogenetic congruence (the recovery of the same or similar tree topologies using different genes and/or taxon samplings) is a key criterion in the systematist ' s toolkit for assessing the accuracy of recovered relationships because it supports the idea that the inferred branching relationships refl ect evolutionary history rather than random error (e.g., Penny et al., 1982 ; Hillis, 1995 ; Graham et al., 1998 ) . In contrast, topological discordance among studies or between results of likelihood and parsimony analyses may be indicative of systematic error, such as long-branch attraction ( Felsenstein, 1978 ) . We have shown that a concatenated subset of 14 plastid regions, which are straightforward to amplify and sequence ( Chang and Graham, in press ), collectively permit inference of the broad backbone of bryophyte phylogeny in the broader context of early land-plant evolution. These loci corroborate corresponding clades in other studies, generally with strong bootstrap support here, and in several cases provide the highest support values observed among these studies. We therefore conclude that these plastid regions will be valuable for addressing further surveys of deep and recent phylogenetic relationships in bryophytes, and we are in the process of using them for this purpose in the most species-rich group of bryophytes, the peristomate mosses. Finally, it should be straightforward to use amplifi cation products from our primers in multiplexed next-generation sequencing reads, as has been done for some whole plastome studies (e.g., Cronn et al., 2008 ) . This could facilitate more rapid retrieval of this gene set from large numbers of taxa, including those represented by small or degraded samples (many of our current samples came from limited or herbarium samples). The regions explored here are straightforward to align and annotate, and our current study also suggests that the gene set examined here may be suffi cient to enable recovery of many deep splits with confi dence without recourse to recovering whole plastomes for all taxa. Our approach therefore should complement ongoing efforts to collect whole-plastid genome data sets for mosses and relatives. 
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